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Fluorescent Detection of 2,4-DNT and 2,4,6-TNT in Aqueous Media
by Using Simple Water-Soluble Pyrene Derivatives
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Sougata Santra,”” Grigory V. Zyryanov,*™ 9 Dmitry S. Kopchuk,™“ Adinath Majee,*
Valery N. Charushin,™ < and Oleg N. Chupakhin® 9

(Abstract: Pyrene-containing water-soluble probes for the
fluorescent detection of nitroaromatic compounds (NACs),
such as explosive components (2,4-DNT and 2,4,6-TNT) and
herbicides (2,4-dinitrocresol, 2,4-DNOC), in aqueous media
are reported. In the probes, the introduction of surface-
active hydrophilic “heads” at the periphery of lipophilic (i.e.,
hydrophobic) pyrene “tails” resulted in the formation of
highly fluorescent micelle-like aggregates/pre-associates in
aqueous solutions at concentrations of <10°m. The en-

N

hanced fluorescence quenching of the herein reported archi-
tectures is achieved in the presence of ultra-trace amounts
of TNT or 2,4-DNT with values of Stern-Volmer quenching
constant close to 1x10°m~' and a detection limit as low as
182 ppb. The most hydrophilic probes demonstrated higher
response to 2,4-DNT over TNT. Filter paper test strips impreg-
nated with 1x107>m solutions of the probes were able to
detect TNT, 2,4-DNT, and other NACs at levels as low as
50 ppb in water.
pp )

Introduction

Sensing of nitroaromatic compounds (NACs), such as herbi-
cides or pesticides (nitrocresols (NOCs)),™ drugs, common
components of explosives and explosive blends, such as TNT,
2,4-DNT, picric acid (PA) in drinking water, groundwater or sea-
water is very important for both human health protection!
and for detecting buried unexploded ordnance or for locating
underwater mines.”¥ Environmental monitoring applications
are based on the screening of soil and groundwater which are
contaminated by toxic agricultural agents™ or by nitro-explo-
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sives in military bases.”! According to the US Environmental
Protection Agency (US EPA), the TNT level in drinking water
needs to be lower than 2 ppb.”! Hence, many techniques have
been employed for the trace detection of nitro-explosives in
solution such as GC/LC-MS® ion mobility spectrometry,
(IMS),”" terahertz®® or Raman® spectroscopy, electrochemical®
or colorimetric detection,'™™ detection by means of molecu-
larly imprinted polymers (MIP),"™® and photoluminescence
quenching methods.**'*''% Among the above mentioned
methods, the direct fluorescence-quenching detection of NACs
is now a well-established sensing technology.'>'*'®'" The
common mechanism of fluorescence quenching is based on
photoinduced electron transfer (PET) from the excited fluoro-
phore/chemosensor to the nitro-analyte."*'® The majority of
nitro-explosives are strong fluorescence quenchers, which im-
parts their fast and selective fluorescence turn-off detection by
using common fluorophores. Due to the high fluorescence
quantum vyield (up to 0.32)" and the ability to form stable
donor-acceptor complexes with NACs,™ pyrene derivatives
are commonly used as fluorophores and/or single-molecule
chemosensors for the visual detection of nitro- and some
other explosives.”®?"" In addition, some pyrene-based hybrid
materials, for example, films, fibers, silica microspheres, nano-
particles and crystalline wafers are widely studied as potential
sensory elements for trace detection systems and devices for
nitro-explosives.'*'%?? For example, cellulose triacetate mem-
branes with pyrene-1-butyric acid as fluorophore were used
for screening of TNT, 2,4-DNT and hexogen (RDX) in groundwa-
ter™ Fang, Ding and co-authors have implemented pyrene
fluorophores covalently attached to the glass surface to obtain

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/asia.201501310
����<?up><?tic=Keine><?tvs=-9dd><?trubyboff=-2h><?trubybth=1h><?ruby=1><?trubyfmt=1><?rt=1><?tdw=32mm><?th=35dd>H<?rt><?ruby><?down>���<?tvs=-0.7mm><$>\vskip-0.1mm\raster(25truemm,p)=

Editorial Society

a SAM film sensor for the detection of NACs in water, as well
as in a gas phase.””

The heterophasic detection mode is the main disadvantage
of the above approaches. Thus, prior to the binding event, the
dissolved nitro-analyte must diffuse to the surface of the
sensor (which is usually not soluble in water or polar solvents)
and, after the binding has occurred, the signaling unit(s) (e.g.,
fluorophore(s)) will signaling (via fluorescence quenching). So
far, only few chemosensors soluble in polar solvents have been
reported. For example, pyrene-1,3,6,8-tetraylphosphoric acid
and its ethyl ester were used for the fluorescent detection of
TNT and PA in methanol, and high values of Stern-Volmer con-
stants (up to 8.3x10°m™' for TNT) have been reported.””

Micellar solubilization is a powerful technique for improving
both the sensitivity and solubility of non-water-soluble/hydro-
phobic chemosensors in aqueous environments. For instance,
Anslyne and co-authors have developed a differentiated ap-
proach to the detection and identification of TNT, tetryl, RDX
and octogen (HMX) in polar solvents by means of pyrene, and
other PAH fluorophores sequestered in organic micelles.”® Shi
and co-authors reported an oligopyrene-based probe, oligo(2-
(4-(1-pyrenyl)butanoyloxy)ethyltrimethylammonium  bromide)
(OPBEAB), for the fluorescent detection of TNT as low as 7.0x
1078 m (70 ppb) in water in the presence of an anionic surfac-
tant, sodium dodecyl sulphate (SDS). The high value of Stern-
Volmer constant (K, =5.3x10°m ") was attributed to the
formation of pseudo-micelles in aqueous solution.?” Ding and
co-authors utilized electrostatic interactions between bis-imi-
dazolium tweezers-like pyrene probes and charged or neutral
organic micelles to prove the determinative role of the type of
micelles in adjusting fluorophore distribution in micellar solu-
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tions, which influences the sensing behavior towards nitro-ex-
plosives in aqueous solutions.”® Gho and co-authors reported
unprecedentedly high binding constants due to the excimer
fluorescence quenching by TNT (K,,"™"=1x10°m ") while using
micellar solutions of tweezers-like pyrene derivative in semi-
aqueous conditions.?

Herein, we report the synthesis and use of water-soluble
pyrene derivatives 1-6 for the direct fluorescent detection of
common explosives in aqueous solutions. The high selectivity
and sensitivity have been confirmed by the enhanced fluores-
cence quenching of 1-6 in the presence of trace amounts of
2,4-DNT and 2,4,6-TNT.

Results and Discussion

As a first step, we have synthesized some simple water-soluble
pyrene derivatives (Scheme 1), such as pyrene-1-carboxylic acid
1 and T-aminomethylpyrene 2 according to our previously re-
ported approaches.® 1-Pyrenesulfonic acid 3 and 1-aminopyr-
ene 4 have been prepared as described.®"

In order to obtain water-soluble forms of compounds 1-4,
the corresponding potassium (for 1,3) or TFA salts (for 2,4)
were prepared in situ. Next, the photophysical properties of
the probes1-4 in aqueous solutions were investigated
(Table 1, Figure 1).

The absorption spectra of chromophores 1-4 exhibited two
major bands centered at ca. 270-280 nm and 350-360 nm,
which are attributed to the electronic transitions between the
So—S, and S,—S; energy levels (Figure 1a). Except for com-
pound 4, the emission spectra of all the chromophores are typ-
ical for the monomeric form of pyrene with the emission
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i) 1. H,S0,, O,NC¢Hs. 2. SOCI,, DMF; ii) NaOOC(CH,);NH, 1.5 eqv, TBAB, THF (dry);
iii) NaOOC(CH,)sNH, 3 eqv, TBAB, THF (dry).

Scheme 1. Structures of water-soluble pyrene derivatives 1-4 and synthetic route for the preparation of water-soluble pyrene derivatives 5-6.
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Table 1. Photophysical properties and quenching constants for compounds 1-6.

values of acids 5-6 were also close: pK,(5)=3.72 and
pK,(6) =4.47.

Compd Ay [Nm] JemIm]  7Ins] @ KM K The molecular structures of the obtained chemo-

(v ] sensors 5-6 were confirmed by 'H and *C NMR spec-
1! 265, 276,327,342 384,402 - 070 72284 75650 troscopies and by ESI-mass spectrometry (see the
2:} 266, 277,326,343 379,397 - 023 68951 83041 Supporting Information for details). In addition,
im ;22: i;; ;;g ;i; 4314712' 397 ~ 8:2)‘7‘ 2?13;;’ fé(z);g single-crystal X-ray crystallography analysis of com-
5ibl 285, 362 384,402 11 076 34189 33325 pound 5 has been performed to provide the most
6" 269, 279,351,378 384,402 12 078 83480 33784 direct description of the molecular packing fea-

94802 66 134"

tures.®¥ According to Figure 2, 5 is packed in a head-

bold.

[a] Quinine sulfate in 0.1 N H,SO, used as a reference. [b] In form of potassium salt.
[c] In form of TFA salt. [d] Measured at A.,=345 nm. Best responses are marked in

to-head mode to form J-aggregates with a distance
of ~3.5 A between two pyrene rings, thus suggesting
strong m-m-interactions between them (Figure S59,

maxima centered at ca. 380 nm (Figure 1b, Table 1, Figures S3,
S9, and S15 in the Supporting Information). For compound 4,
the shape and position of both the absorption and emission
spectra are the same as described.?” Depending on the nature
of the 1-substituent, the fluorescence quantum yields for 1-4
vary from 0.07 to 0.70 (Table 1).

In aqueous solutions, compounds 1-4 exhibited a strong
fluorescence response to TNT and 2,4-DNT. Figure 1c depicts
the most representative example of the spectrofluorimetric ti-
tration of TFA salt of compound 2 (1x107°m) with increasing
concentrations of TNT while exciting with UV light (1=
375 nm). Upon increasing the concentration of TNT, the fluo-
rescence intensity of 2 gradually decreases, showing 60-70%
quenching (Figure 1b-c; Figures S10-514, Supporting Informa-
tion).

The data extracted from the SV plots indicate high values of
Stern-Volmer constants for TNT (K,,™" =3.3-8.3x10*m ") (Fig-
ure 1c inset; Figures S6, S12, S18, and S24, Supporting Infor-
mation). The linear response of the Stern-Volmer plot upon
addition of TNT and 2,4-DNT suggests the high role of only
one type of quenching, either static or dynamic, in the
quenching process, and thus excludes the combination of
both types of quenching at low concentrations of NACs.["®

A micellar solution of fluorophore is indeed more sensitive
to the quenching by NACs than an equivalent concentration of
fluorophore in a simple solvent.**?? Therefore, at the next
step, aiming to improve the surface-active properties and
impart hydrophilicity, we synthesized 6-(pyrene-1-ylsulfonami-
de)hexanoic acid 5 in 63% yield, starting from sodium salt of
6-aminocaproic acid by reacting with pyrene-1-sulfonyl chlo-
ride in absolute THF in the presence of Bu,NBr as a phase
transfer catalyst (Scheme 1). 6-(6-(1-Pyrenesulfamido)hexanami-
de)hexanoic acid 6 was isolated only in 5% vyield, along with
product 5 (41%) and 1-pyrensulfonic acid 3 (15%) by using
the same reaction sequence in the presence of a higher
amount (i.e. three-fold excess) of 6-aminocaproic acid salt. The
occurrence of products 6 and 3 in the reaction mixture may be
attributed to the equilibrium between the free acid 5 and its
sodium salt under the phase transfer conditions in the pres-
ence of an excess of the sodium salt of 6-aminocaproic acid
(see Scheme S1, Supporting Information). The calculated®® pK,
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Supporting Information).

The photophysical properties of compounds 5-6

were similar to those for 1-4. Indeed, it is expected

that all six compounds in a water-based environment would
exhibit more or less pronounced surface-active properties that
are similar to surfactants, that is, due to the presence of the
hydrophobic non-polar single tail of pyrene and the hydrophil-
ic polar “head” of the corresponding acid (for 1, 3, 5-6) or qua-
ternary amine group (for 2, 4) compounds 1-6 may accumu-
late at interfaces and produce aggregates (micelles or micelle-
like architectures). On the other hand, according to both the
X-ray data and the literature analysis, pyrene derivatives in
a solid state or in a solution can aggregate through m—s stack-
ing to result in a reduction in the intensity of the emission.*"!
We assumed that the introduction of longer chain surface-
active moieties on the periphery of pyrene chromophores in
aqueous media would restrict the formation of non-radiative
pyrene aggregates due to the preferable formation of hydro-
phobic micelle-like aggregates/pre-associates. As a conse-
quence, for the longer chain-modified compounds 5-6, we ob-
served improvements of both photophysical properties and
the sensor response towards NACs in aqueous solutions. Thus,
the fluorescent quantum yield (@) of 5-6 increased up to 0.78
(Table 1). In addition, over 70% fluorescence quenching of 5-6
has been detected upon addition of 2,4-DNT or TNT (Fig-
ure 1e; Figures 5S28-538, Supporting Information). It is worthy
to mention that, in contrast to compounds 1-4, fluorescent
probes 5-6 demonstrated a higher sensory response to 2,4-
DNT versus TNT. Thus, the Stern-Volmer constant value for 6
was calculated to be as high as K, =9.5x10*m"" (Table 1),
and the fluorescence-quenching response can be detected at
a concentration of 2,4-DNT (Cpy) as low as 9.95x10 7 m
(182 ppb). In case of TNT, the highest calculated Stern-Volmer
constant value was K,™ =6.6x10*m~" with a detection limit
of 227 ppb. To the best of our knowledge, the Stern-Volmer
constant values obtained for pyrene derivatives 1-6 in aque-
ous solution are close to or greater than those for pyrene de-
rivatives employed for detection of NACs in aqueous solutions
or polar solvents,*?*?3% except for the pseudo-micelle probe
of OPBEAB/SDS reported by Shi etal., which resulted in
a higher value (K,™=5.30x10°m~", limit of detection for TNT:
70 ppb). It is worthy to mention that, unlike the case reported
herein, the efficiency of fluorescence quenching (i.e. the effi-
ciency of PET between the OPBEAB/SDS probe and TNT) de-
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Figure 1. (a) UV absorption and (b) emission spectra of 1-6 in aqueous solutions (1x107°m). (c) Emission spectra of 2 upon addition of TNT. The inset shows
the Stern-Volmer plot. (d, e) Quenching efficiency of sensor 2 (d) and 6 (e) at different concentrations of 2,4-DNT and TNT. (f) Aqueous solutions of sensors 1-
6 (from left to right, 1x107>m each) under UV light. (g) Paper strips, impregnated with aqueous solutions of sensors 1-6 (from left to right,1x 10> M) under
UV light. (h) The same paper strips after short contact (10 sec.) with a solution of TNT in water (50 ppb) under UV light. (b—e) Wavelength of UV light:

Aex =375 nm.
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a)

Figure 2. (a) Molecular structure of 5 (acetone). (b) Crystal packing in the
structure of 5.

pends strongly on the ratio of reagents and the mixing se-
quence due to the possibility of detachment of TNT molecules
from the OPBEAB backbone, as suggested by the authors, and
their trapping by the SDS micelle to decrease the quenching
constants.””? The same trend has been observed by Gho and
co-authors for micellar solutions of tweezers-like pyrene deriva-
tive in semi-aqueous conditions.”” In addition, none of the so
far reported probes/sensors demonstrated a higher response
to 2,4-DNT versus TNT in aqueous solutions.

The high quenching efficiency of the emission of chemosen-
sors 5-6 upon the addition of TNT or 2,4-DNT can be attribut-
ed, as we may suggest, to the static quenching pattern due to
the possible formation of a non-fluorescent donor-acceptor
complex in a ground state via strong ;-7 interactions be-
tween the nitroaromatic quencher and pyrene moieties of 5-6.
A possible role of collisional or dynamic quenching was ruled
out based on the time-resolved fluorescence emission of com-
pounds 5-6 (Figure S2, Table S1, Supporting Information). It
was concluded that the decay lifetimes of chemosensors 5-6
were constant values of 11 ns (5) and 12 ns (6), being inde-
pendent of the TNT concentration (Figure S2, Table S1, Sup-
porting Information). This may confirm the quenching of the
ground state of chemosensors 5-6 due to the PET process
from excited fluorophores to NACs."***' However, in the UV/Vis
spectra of 5-6, the absorbance bands from the pyrene moiety
were found to be stable during the titration with NACs (Figur-
es S41-542, Supporting Information). These results may indi-
cate a so-called false static quenching due to a “sphere of
action”, where a molecule of NAC is near to the pyrene moiety
(within the micelle or micelle-like architecture) at excitation, re-
sulting in no fluorescence intensity from this moiety.”” It is
common that in “sphere of action” fluorescence quenching no
ground state complex is formed.®”

In order to explain the higher selectivity of probes 5-6 to-
wards 2,4-DNT, we visualized the possible surface phenomena
occurring in aqueous solutions of 1-6 (Figure 3, compound 5
is shown). Thus, at the concentrations of <10 °m, the self-as-
sociation of compounds 1-6 affords micelle-like aggregates/
pre-associates. Similarly to micelles, in these micelle-like archi-
tectures, the pyrene hydrophobic tails flock to the interior in
order to minimize their contact with water, and the hydrophilic
heads remain on the outer surface in order to maximize their
contact with water.

In the center of these architectures the pyrene moieties are
oriented with a distance between them higher than the typical
distance accepted for m—m interactions (i.e., ~3.5 A). In our ex-
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Figure 3. Bottom: The micelle-like aggregate of 5 in aqueous solution and
the part of its elementary volume @. Top: The possible quenching of the mi-
celle-like aggregate due to the penetration of NACs (2,4-DNT) into the inner
shell.

periments, we did not observe any emission at ~460 nm which
belongs to the emission of pyrene excimers.

Quenching of the emission of micelle-like aggregates/pre-as-
sociates of 1-6 in the presence of NACs was simulated for
compound 5 and for 2,4-DNT as a quencher (Figure 3, top). 2,4-
DNT is a fairly common component of many explosive mix-
tures and is an impurity in many explosive materials. The water
solubility of 2,4-DNT is low (0.027 g/100 g at 22°C), but still
greater than that of TNT (0.013 g/100 g at 20°C).®® Both 2,4-
DNT and TNT are hydrophobic molecules. Therefore, they are
preferentially solubilized within the hydrophobic layer of the
surfactant-like molecules of 1-6 rather than in the water
phase. In this case, the electron-rich lipophilic (hydrophobic)
environment of the central (pyrene) part of micelle-like aggre-
gates/pre-associates of 1-6 acts as a driving force for the trans-
port of polar molecules of NACs (e.g., 2,4-DNT). As a conse-
quence, molecules of NACs will penetrate deep inside of these
architectures in order to occupy the position in a close proxim-
ity to pyrene residues, causing the significant quenching of the
fluorescence emission of pyrene fluorophores (Figure 1e,
Figure 3).

The higher sensory response of probes 5-6 to 2,4-DNT over
TNT can be attributed to the possible steric hindrances in case
of TNT and to the lower dipole moment of TNT (D°""=4.3D
vs. D™=1.0 D), whereby molecules of 2,4-DNT would pene-
trate easier into the inner non-polar lipophilic shell of the mi-
celle-like aggregates of 5-6 through the outer polar shell.

Tyndall scattering experiments (Figure 4), carried out for
aqueous solutions of the most lipophilic probes 5-6, with (Fig-
ure 4b,d) or without DNT (Figure 4a,c) added, further con-
firmed the formation of micelle-like architectures.

In addition to 2,4-DNT and TNT, sensors 1-6 showed good
fluorescent response to other NACs, like 2,4-dinitrocresol
(DNOC) (Figure S39, Supporting Information), a common herbi-
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Figure 4. The Tyndall effect of the solutions (107> m) of 5 (a), 5+ 2,4-DNT (b),
6 (c), 6+2,4-DNT (d).

cide, while in the presence of non-planar and non-aromatic ni-
tromethane (NM) or other nitroalkanes, only subtle changes in
the fluorescence spectra were observed. For instance, for 6, in
the presence of a large excess of nitromethane, only about 5%
quenching was observed (Figure S40, Supporting Information).
As a final step, in order to explore future practical applica-
tions of the herein reported probes 1-6, paper-based test
strips impregnated with aqueous solutions of 1-6 (1x107°m)
have been prepared (Figure 1 g, Figure S46, Supporting Infor-
mation). After a short contact (within 10 seconds) with an
aqueous solution of TNT (50 ppb), all the test strips displayed
substantial fluorescence quenching (Figure 1h), thus demon-
strating the feasibility to visually detect NACs in water. Similar
results were observed for 2,4-DNT, DNOC and other NACs.

Conclusions

In summary, we have demonstrated fluorescent water-soluble
pyrene derivatives for the efficient detection of common nitro-
aromatic explosives components, such as 2,4-DNT and TNT, in
aqueous solutions. These probes demonstrated the dramatic
fluorescent quenching over 70% in the presence of 2,4-DNT
(182 ppb) or TNT (227 ppb) due to the possible formation of
micelle-like aggregates/pre-associates at low concentrations (<
107> m). The most lipophilic probes 5-6 demonstrated a higher
fluorescent response to 2,4-DNT versus TNT in aqueous solu-
tions with values for Stern-Volmer constants up to 9.5X
10*m~". We believe that these new kinds of water-soluble
probes, carrying both a non-polar pyrene tail and a polar qua-
ternary amine or acid head, can greatly facilitate the design of
simple and highly responsive materials for the detection of
NACs in drinking water, groundwater, or seawater, as well as in
other polar solvents. Further practical application of sensors 1-
6 has been explored by preparing paper strips for the visual
detection of NACs (as low as 50 ppb) in water.

Experimental Section
Materials and Reagents

All chemicals and reagents were used as received from commercial
sources without further purification. Solvents for chemical synthe-
sis were purified or freshly distilled prior to use, according to stan-
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dard procedures. All chemical reactions were carried out under an
inert atmosphere. The procedures for the synthesis of fluorophores
1-4 have been described previously.®"

Measurements and Characterizations

'H (400 MHz) and "*C NMR (100 MHz) spectra were measured on
a Bruker Avance-400 spectrometer. Fluorescence spectra and fluo-
rescence titration experiments were recorded on Horiba-Fluoro-
max-4 and Ocean Optics USB4000-FL spectrofluorometers. UV/Vis
absorption spectra were recorded on a Shimadzu UV-2550 spectro-
photometer.
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